a Nickel and cobalt are both known to stimulate the hypoxia-inducible factor-1 (HIF-1a), thus significantly improving blood vessel formation in tissue engineering applications. We have manufactured nickel and cobalt doped bioactive glasses to act as a controlled delivery mechanism of these ions. The resultant structural consequences have been investigated using the methods of isotopic and isomorphic substitution applied to neutron diffraction. The structural sites present will be intimately related to their release properties in physiological fluids such as plasma and saliva, and hence the bioactivity of the material. Detailed structural knowledge is therefore a prerequisite for optimising material design.
Introduction
Vascularisation is essential in wound healing for both so and hard tissue regeneration. Bio-oxygen levels play an important role in modulating cell functions and tissue repair in vivo. Hypoxia (low oxygen partial pressure) can enhance the production of specic extracellular matrix components and increase blood vessel formation (angiogenesis) through the hypoxia-inducible factor-1 (HIF-1a) pathway.
1 For example, HIF1a over-expressing bone marrow stem cells signicantly improve blood vessel formation in bone tissue engineering applications. 2 Wan et al. demonstrated that the HIF-1a pathway is activated during bone repair and can be manipulated to improve skeletal healing. 3 Reduced oxygen levels have also been shown to stimulate chondrogenesis in stem cells, which is important for cartilage regeneration.
Transition metals such as Co and Ni have been shown to increase the HIF-1a transcription factor. 5 Bioactive glasses offer an exciting route for potential delivery systems of transition metal ions within tissue regeneration scaffolds due to their ability to incorporate a large variety of elements and their largely controllable dissolution properties within physiological uids. 6 BioglassÒ, developed by Hench, was developed to provide a controlled release of calcium and phosphorous ions under physiological conditions. 7 These ions then precipitate into amorphous calcium phosphate which later crystallise into hydroxyapatite to form new bone mineral. [8] [9] [10] In addition to providing the fundamental building blocks of bone (Ca and P) the dissolution products of bioglass were also found to stimulate osteoblast activity. 11, 12 More recently bioactive glasses have been developed to provide a controlled release mechanism for antimicrobial ions such as Ag and Ga to combat infections. 13, 14 In order to be able to model and predict the behaviour of bioactive glasses in situ it is important to have an understanding of the atomic scale structure and any modications that may result due to the incorporation of additional elements. However, the structure of bioglass is particularly complex owing to the addition of two network modiers (Na and Ca) into a glass composed of two network formers (Si and P). Signicant progress has now been made on unravelling the atomic scale structure of archetypal 45S5 Bioglass through a series of molecular dynamic simulations, [15] [16] [17] nuclear magnetic resonance [18] [19] [20] and neutron diffraction studies. [21] [22] [23] [24] CaO and Na 2 O both adopt network modier roles, breaking Si-O-Si bonds through the addition of oxygen. Other elements such as Zn, Mg, Ga and Al have been found to act as network intermediates where they can act as network formers, network modiers or a mixture of both network formers and modiers.
The addition of a transition metal further complicates the picture as it is not possible to predict a priori the structural consequences of their incorporation into bioactive glasses. Cobalt, for example, could adopt various structural arrangements, as discussed by Azevedo et al., including entering the silicate network as four-fold Co-O or acting as a network modier with a resultant higher coordination number up to possibly eight-fold Co-O. 27 The role of cobalt (or Ni) in the glass network will determine the network connectivity (NC) and macroscopic properties, such as ion release rates and hydroxyapatite formation. Cobalt and nickel both have similar ionic radii and charge states that also closely match magnesium. According to Shannon, the ionic radii of four-fold Ni, Co and Mg are 0.58, 0.55 and 0.57Å respectively. 28 Given the similar ionic radii and therefore similar charge to size ratio it may be expected that Co and Ni will adopt a similar structural role to that of Mg, which has been shown to act as a network intermediate. 25 Furthermore, Na + and Ca 2+ ions both show an affinity for phosphate species over silicates; 29 again, it is difficult to predict the most energetically favourable environment of transition metals and their preferred structure.
Ultimately, the resultant structural inuence of the transition metals may determine which applications these glasses are most suitable for (e.g. so or hard tissue regeneration). For example, replacing Ca with Sr within the glass leads to an expanded matrix which results in an increased solubility and an increased rate of hydroxyapatite formation, which is highly desirable for bone regeneration applications. 30 Conversely, replacing Ca with Mg within the glass leads to a contracted matrix and decreased rate of HA formation. 25 For so tissue applications such as cartilage regeneration a reduction in HA formation is desirable. Importantly, the local environment surrounding the transition metal will strongly inuence its rate of dissolution from the glass. A fast release of transition metals will result in a high local concentration, which is known to cause cell toxicity. 31 A controlled release rate, appropriate to enhanced angiogenesis, is therefore vital for any tissue engineering application.
It is important that detailed experimental studies are conducted to elucidate the structural consequences of incorporating transition metals into bioactive glasses. We report here on a detailed investigation of the structural effects of incorporating Ni and Co into bioactive glasses using advanced neutron diffraction techniques. 4 mol% NiO (or Co) was incorporated into bioglass to provide physiologically appropriate concentrations. 27, 32 Cobalt is cytotoxic in high concentrations however Wu et al. have shown that bioactive scaffolds containing less than 5 mol% CoO are not cytotoxic. 32 The low concentration of transition metals incorporated in these glasses means it is not possible to extract structural information from a single total (i.e. conventional) diffraction pattern. By employing the method of isotopic substitution applied to neutron diffraction we have isolated the nickel correlations, providing denitive quantitative structural information on the local environment surrounding the nickel ions. In addition, by applying the method of isomorphic substitution between Co and Ni bioactive glasses, we have been able to conrm that Co adopts the same structural environment within these glasses. 
Density measurements
Density measurements were taken using a Quantachrome pycnometer using Archemedes' method with helium being used as the uid.
Ni and Co K-Edge XANES/EXAFS
Measurements were undertaken on the B18 instrument at the Diamond Light Source, Harwell Research Campus. Finely ground samples were diluted in cellulose and pressed into pellets to give a satisfactory K-edge absorption step. The spectra were recorded at room temperature and in transmission mode. The incident beam intensity and the transmitted beam intensity were measured using ionization chambers. The Ifeffit soware analysis suite was used for the background corrections and normalisation (Athena). 33 The data analysis was undertaken using pyspline. 34 In brief, the data processing comprised calibrating the energy scale, normalizing the incident beam intensity and the spectra to provide an edge step of one. The data modelling was undertaken using EXCURV. 35 
Neutron diffraction
The neutron data was collected at the D4 diffraction instrument at the Institut Laue-Langvin, Grenoble.
36 Calibration of the incident neutron wavelength was achieved using a polycrystalline nickel reference sample. The samples were ground into course lumps and contained in vanadium cans of internal diameter 6 mm and wall thickness 0.25 mm; a vanadium rod of diameter 6 mm was used to provide quantitative normalisation to the data. Data were collected from the empty instrument, empty vanadium container and the vanadium rod in addition to each of the samples. Structural information can be obtained from the data by removing the background scattering (from the instrument itself and from the container) and correcting for absorption and multiple scattering to nd the differential crosssection using the program CORRECT.
37,38
The total structure factor is given by
where c i and b i denote the atomic fraction and coherent scattering length of the chemical species i, r ij (Q) is the partial structure factor and Q is the magnitude of the scattering vector given by Q ¼ 4psin(q)/l where 2q is the scattering angle and l is the incident neutron wavelength. These functions of Q are referred to as reciprocal space data. The corresponding realspace data is obtained by Fourier transforming the total structure factor to give T(r), where
is the window function that takes into account the nite experimentally obtainable maximum value of Q, in this case the quality of the data was sufficient to permit the use of a step function. T 0 (r) is the average density term, given by:
where r 0 is the macroscopic number density. The pair distribution function that results from a neutron diffraction experiment, T(r), can be represented as the weighted sum of partial correlation functions, t ij (r).
Examining eqn (4), it can be seen that, if samples are prepared that are identical except for the scattering length of one element, differences between the neutron scattering data from these samples will isolate the partial correlation functions. Since different isotopes (or isomorphs) of an element, have different neutron scattering lengths, isotopic (or isomorphic) substitution provides a method for achieving this separation. In the work presented here the scattering length of the nickel isotope was varied between a set of otherwise identical samples allowing isotopic substitution. Nickel was exchanged for cobalt to allow the isomorphic substitution. The difference in real space can be represented in terms of the partial pair correlation function, T M-j (r), such that only the environment of element M is probed.
Structural information can be obtained by modelling the real-space correlation function. Pair functions, p ij (Q), are generated in Q-space and Fourier transformed to allow comparison with the experimental data in real space. The pair functions are given by:
where N ij , r ij , and s ij are the coordination number, atomic separation and disorder parameter (i.e., a measure of static and thermal disorder) respectively of atom i in relation to atom j. The weighting factors w ij for a standard neutron diffraction experiment are given by:
In the case of the isomorphic and isotopic difference the weighting factors take the form: Fig. S1 †) , thus further conrming that all of the samples were iso-structural.
Neutron diffraction with isotopic substitution
The total interference functions, i(Q), for 58 Ni, nat Ni and 62 Ni are shown in Fig. 1 . The real space data obtained by Fourier transforming the total interference functions is given in Fig. 2 . It is apparent that the real-space datasets are qualitative similar e.g. the P-O and Si-O peaks at $1.6Å and the Na-O, Ca-O and O-(P)-O, O-(Si)-O peaks around 2.3 to 2.7Å. The main difference visible in the total diffraction patterns, T(r), occurs in the region around 2Å where the Ni-O correlation is predicted to occur. 42, 43 However, the relatively small weighting factor of the Ni-O correlation (due to the low atomic concentration present) coupled with the overlapping correlation functions makes it difficult unambiguously to t the Ni-O correlation solely from the total diffraction pattern. Those correlations not involving Ni can be eliminated by subtracting two total structure factors to give a rst order difference function such as Di(Q)
Ni À i(Q) 62 Ni (see Table S1 of the ESI †). The addition of the third total structure factor enables three separate rst order difference functions to be determined (Di(Q) [58] [59] [60] [61] [62] , Di(Q)
58-nat
and Di(Q) nat-62 ) in order to check the reliability/mutual consistency of the derived datasets. Fig. 3 presents the three isotopic substitution difference functions in reciprocal space, whilst Fig. 4 , DT(r) 58-62 has the largest difference in Ni scattering lengths (22.7 fm) and correspondingly results in best signal-to-noise ratio, DT(r) nat-62 has a difference in scattering length of 18.7 fm whilst DT(r) 58-nat is the least well dened with a scattering length difference of only 4.0 fm. The diffraction data was modelled using the NXFit program developed by Moss 40 and the NDIS-derived t parameters obtained for each of the rst order difference functions are given in Table 1 together with the average values obtained by calculating an average of the DT(r) functions, weighted by scattering length difference.
As shown, the average number of oxygen atoms around a given Ni atom is 4.67 AE 0.05. This is attributed to $33% of Ni occupying a 4-fold geometry with the remaining $67% occupying a 5-fold environment. The correlation around 2Å is attributed partially to the 4-fold Ni-O and partially to 5-fold Ni-O where there are 4 short bonds (1.98Å) and one longer bond at 2.19Å. This places a lower limit of 33% of Ni occupying a tetrahedral (network forming) 4-fold geometry. If a small amount of Ni resides in a higher coordination geometry (i.e. octahedral) the fraction of tetrahedral Ni will increase accordingly. The results do not preclude the possibility of a tiny fraction of Ni occupying a six fold. However, whilst octahedral Ni is common in crystalline materials it is rarely found in oxide silicate glasses. 44 Furthermore, 6-fold Ni-O typically exhibits a distinctive bright green colour which was not visible for the current glasses. 44 Galoisy and Calas have reported 5-fold Ni in a trigonal bipyramidal environment with minor amounts of fourfold Ni in CaNiSi 2 O 6 glass. 42 In contrast they found predominantly 4-four Ni in glassy K 2 NiSi 3 O 8 , whilst Na 2 NiSi 3 O 8 was found to have a mixture of 4-and 5-fold Ni. 43 They therefore concluded that the nickel environment is strongly dependent on the nature of alkali present. Brendebach et al. report that nickel occupies a predominantly octahedral environment in sodium phosphate systems with a Ni-O distance $2.06Å. 45 In the present system there is a relatively small fraction of phosphorus compared to silicon and Ni is found to adopt a predominantly 4-and 5-fold environment. This suggests that Ni does not show a particularly strong affinity for the phosphate species present within this glassy system.
Given that Ni has a similar charge: ion size ratio as Mg it would be reasonable to expect it to adopt a similar structural chemistry. However, the present data suggests that a minimum of 33% of Ni is 4-fold and therefore acting as a network former; this is signicantly greater than the 14% Watts et al. reported for magnesium and suggests that there are important differences that were not predicted. 25 Bioglass doped with 3.8% NiO (or 1.37% metallic Ni) has a number density of 0.0769 atoms per A 3 compared to 0.0757 atoms perÅ 3 for 45S5 Bioglass. This represents a 1.6% increase in number density and also suggests that a proportion of Ni may act as a network former. Tetrahedral Ni will have shorter Ni-O bond lengths compared to higher coordinated Ni environments and would therefore be more likely to increase the number density.
Neutron diffraction with isomorphic substitution
Applying the method of isomorphic substitution 46,47 enables the local structural environment surrounding Co to be determined in a broadly analogous manner. The data allows three separate rst order difference isomorphic substitution functions to be created (Di (Q) 58Ni-Co , Di(Q) natNi-Co and Di(Q) Co-62Ni ) as shown in Co-62Ni functions respectively. The optimum (weighted average) t parameters for the isomorphic difference function are given in Table 1 . As shown in Table 1 , there is excellent agreement between the metal-oxygen, M-O, correlations obtained for Ni using the method of isotopic substitution and the Co/Ni datasets obtained using the method of isomorphic substitution. This conrms that Co and Ni are isostructural within these bioactive glasses.
The total diffraction patterns
The total diffraction patterns for the Ni and Co doped bioglasses were modelled using the NXFit program and the NDISderived t parameters are given in Table 2 . The results of a Ni/ Co-free bioactive glass, prepared using an identical melt quench method, are also presented in Table 2 thus enabling a direct comparison of the present results with the archetypal 45S5 BioglassÒ. 22 The 45S5 results were collected using the ISIS pulsed neutron source and full details of the data analysis are given by Martin et al. 22 To enable a direct comparison with the present data the reciprocal data was truncated at a Q max of 23.7Å (to match the present Ni (or Co) bioglass data) before Fourier transforming into real-space and tting using the NXFit analysis program.
As expected, the short range order comprises $4 oxygen atoms around Si at 1.6Å 48 and $4 oxygen around P at a separation between 1.5 and 1.6Å. 22 The Na-O feature was also modelled using two Na-O distances based on results recently obtained by the method of isomorphic substitution of a mixed Na/Li bioglass. 22 An asymmetric Na-O peak has been reported both experimentally in sodium silicates and in molecular dynamic simulations on sodium calcium silicates and on BioglassÒ.
22,51,52 The Na-O values of 3.1 oxygen around Na at 2.33(1)Å and 1.6 oxygen around Na at $2.65(2)Å obtained in this study are consistent with these results. Table 1 Knowing the fraction of Ni (or Co) that acts as a network former enables the network connectivity of the glass to be calculated. If the network connectivity is too low, the glass dissolves too quickly and hydroxypatite does not have time to form -i.e. the bioactivity is effectively reduced. Conversely, if the network connectivity is too high, the glass does not release sufficient Ca and P for hydroxyapatite to form -reducing the bioactivity again. The network connectivity, NC, of a silicate glass is given by
with 4 representing a fully densied silica network and Z representing the number of excess oxygen per SiO 2 . It therefore follows that the addition of NiO (or CoO) into a glass could either decrease the network connectivity (due to the additional oxygen incorporated) or increase the network connectivity if the metal (Ni or Co) adopts a network forming role. Assuming only 4-fold Ni (or Co) acts as a network formed then
where R is the fraction of the metal ions occupying a tetrahedral (network forming) environment. The phosphorus term takes into consideration its isolated orthophosphate environment where it binds to 4 oxygen atoms per phosphorus effectively removing these oxygen atoms from the network. For the present system, given that 33% of Ni (or Co) occupies a network forming (tetrahedral) environment, it therefore follows that the network connectivity is 2.11 AE 0.02. This is very close to the connectivity required for optimal bioactivity and matches the network connectivity of BioglassÒ. Hill recommends a network connectivity close to 2.0 for optimal bioactivity 53 whilst Watts et al. also note that all the very bioactive Table 2 Structural parameters for the Ni and Co doped bioactive glasses obtained using the NXFit fitting routine. The parameters for 45S5 Bioglass T(r) are included for comparison. 22 Typical errors are AE0.02Å on the peak position (r ij ), AE0.2 on the coordination number (N ij ) and AE0.02Å on the disorder parameter (s ij ) glasses have a network connectivity close to 2.0. 25 Edén has shown that when the glass network becomes defragmented bioactivity decreases. 54 The time taken to form hydroxy-carbon apatite increased for glasses with connectivities of 2.01 and 1.97 compared to Bioglass (2.11) . For the present system if the Ni (or Co) entered entirely as a network modier the network connectivity would have fallen below these values, this suggests that the formation of 4-fold Ni (or Co) is important for maintaining optimal bioactivity. Currently, when designing Mg or Co glasses, multiple series are oen manufactured based on the assumption that the metal ions act either entirely as network former or entirely as a network modier. 25, 27 Knowledge of the local environment of the Co and Ni ions will enable these systems to be better modeled. Furthermore, with this knowledge, and using the above network connectivity model, it is now possible to alter the network modier concentration in a controlled fashion in order to compensate for the effects of Ni or Co and thus design bioactive glasses with optimal network connectivities. However, further work is still needed to determine the in vitro and in vivo properties of these materials.
Conclusions
Co and Ni doped bioactive glasses have been successfully manufactured. This is, to the best of our knowledge, the rst time a bioactive glass containing Ni has been synthesised. Using the methods of isotopic and isomorphic substitution we have shown that Ni and Co adopt the same structural environment within these bioactive glasses. The cobalt and nickeldoped Bioglass samples reported here, represent one of the most complex amorphous materials (6 chemical elements and therefore 21 partial structure factors) and the lowest level of isomorphic enrichment (1.37 mol% Ni/Co) ever studied using isomorphic substitution for an amorphous system. The results conrm that Ni and Co act as network intermediates with a signicant fraction adopting a four-fold symmetry, thereby entering the network. Importantly, there is no measureable difference in the remaining structure correlations (e.g. Si-O, P-O, Ca-O, Na-O and O-Si-O) between the archetypal 45S5 BioglassÒ and these bioactive glasses doped with Ni or Co, indicating that the addition of these transition metals should not adversely affect the overall bioactivity or existing structural models. The data provided above will enable Ni and Co doped bioactive glasses to be rationally designed and optimised in the future according to network connectivity, dissolution and bioactivity requirements.
